Selected molecular nanomagnets have proved to be valid magnetic refrigerants for low temperatures.
than that produced in the absence of such interactions, yielding an enhanced refrigeration power )
. Unfortunately, a drawback inherent to this approach is that the MCE steeply falls to near zero values below the critical temperature (T C ) of a magnetically ordered region, limiting the lowest temperature which can be attained in a process of adiabatic demagnetization. Therefore, if one targets a magnetic refrigerant material capable of achieving millikelvin temperatures, particular attention should be devoted to avoid any source of magnetic interactions. The same holds true for the magnetic anisotropy that should ideally be negligible, since the smaller the anisotropy, the less pronounced are the crystal field effects which, splitting the energy levels, result in MCE maxima at lower temperature. It is worth pointing out that best performing astronomical instruments rely on sensors cooled to mK. In contrast to conventional 3 He-4 He dilution refrigerators, 3 adiabatic demagnetization refrigerators can be operated in a gravity-free environment − a requirement for space-borne missions. Furthermore, over the last few years we have witnessed a rise in the production of security instruments for nuclear detection that has ultimately led to a worldwide shortage of 3 He. It is then important to secure an efficient alternative to 3 He-based technology for ultralow temperatures.
Gadolinium is a common constituent element for magnetic refrigerant materials, mainly because its 8 S 7/2 ground state provides the largest entropy per single ion. Furthermore, its quenched orbital momentum implies that crystal field effects are extremely small. Bulk gadolinium metal undergoes a ferromagnetic ordering below T C ≈ 294 K and, for the aforementioned reasons, it cannot be exploited for low-temperature refrigeration. Gadolinium sulfate 4,5 and gadolinium gallium garnet 6 are well-known low-temperature magnetic refrigerant materials, although they are limited by their magnetic ordering temperatures of 0.18 and 0.9 K, respectively, and so is the recently investigated gadolinium acetate tetrahydrate with T C ≈ 0. and paramagnetism down to the lowest investigated temperature of ≈ 10 mK in case of GdW 30 .
Our findings make GdW 10 and GdW 30 appealing for application as magnetic refrigerant materials for ultra-low temperatures.
We investigated the magnetic properties of GdW 10 and GdW 30 by susceptibility (χ M ) experiments in the ≈ 10 mK < T < 300 K range. For both, the room-temperature χ M T ( Figure   S1 ) value is 7.88 cm 3 K mol -1 and it stays constant on decreasing the temperature down to ≈ 0.1 K, below which it very slightly deviates from the Curie law expected for a spin-only (g = 2.00) uncoupled Gd 3+ center (Figure 2 ). Anticipating the discussion on the heat capacity data, we attribute this deviation to the presence of a small magnetic anisotropy of the molecular units, which is nonetheless observable at these very low temperatures. Besides, χ M (T) of GdW 10 has an anomaly centered at ≈ 36 mK that we associate to a magnetic phase transition driven by dipole-dipole interactions, whereas GdW 30 is paramagnetic in the whole investigated temperature range (Fig. 2 ). An explanation of such a different behaviour could be ascribed to the increase of the average intermolecular distance (r) from ≈ 1 nm to ≈ 2 nm for GdW 10 and GdW 30 , respectively. 15 If fact, if we look at the details of the crystal structure, we notice that the shortest Gd-Gd distance is 1.12 nm in GdW 10 , while it increases to 1.56 nm in (Fig. S3) . Therefore, we fit the experimental curves using the single-spin Fig. 3(d) . It is seen that the total molar entropy gain that is reached from zero to infinite temperature does not depend on whether we consider the isolated Gd 3+ ions or the higher-temperature bulk-ferromagnet, since it corresponds to the maximum gain Rln(2s+1) = 2.08R for s = 7/2.
We finally evaluate the MCE for the GdW 10 and GdW 30 molecular complexes. This procedure includes the calculation from the entropy curves, viz. from the measured heat capacities depicted in Figure 3 , of the magnetic entropy change ∆S m (T,∆B 0 ) for selected field changes Although these effects are not extraordinary large, they take place at remarkably low temperatures. This is especially true for GdW 30 which, to our knowledge, represents the best realization of a paramagnetic single-atom gadolinium compound.
In conclusion, as the current state-of-the-art in magnetic refrigeration employing molecular nanomagnets did not permit achieving temperatures lower than ≈ 0.2 K at best, 1,7-11 we aimed in this work to extend the working temperature range down to temperatures much closer to absolute zero. The herein-investigated Gd-based POMs with formula GdW 10 and GdW 30 , respectively, beautifully reach our goal. In an adiabatic demagnetization, the lowest attainable temperature is limited by the spin anisotropy and ordering temperature. Our experiments in GdW 10 and GdW 30 down to ≈ 10 mK demonstrate that both limitations can be overcome by chemically engineering the molecules in such a way to effectively screen all magnetic interactions, suggesting their use as coolers for ultra-low temperatures. The inherent downside of such an approach is related to the heavy structural POM framework of each molecular unit that, being non-magnetic, ultimately lowers the cooling power. Indeed, a conventionally employed magnetic refrigerant for mK, such as CMN, provides a magnetic entropy change which can be as large as Rln2, corresponding to ≈ 7. Physical characterization. Magnetic measurements down to 2 K and heat capacity measurements using the relaxation method down to 0.35 K on powder samples were carried out using commercial setups for the 0 < B 0 < 7 T magnetic field range. Susceptibility measurements below 2 K were performed using a homemade SQUID-based AC-µ-suceptometer installed in a 3 He-4 He dilution fridge. 20 The latter provided data in arbitrary units, which we did properly scaled in order to match them with the susceptibility data collected with the commercial magnetometer for the overlap 2 K < T < 4 K range ( Figure S1 ).
In case of the µ-susceptometer, the sample consisted of a collection of small grains of c.a. 10 -3 mm 3 .
Acknowledgments
This work has been supported by MINECO through grants MAT2009-13977 and CSD2007-00010.
Received: ((will be filled in by the editorial staff)) Revised: ((will be filled in by the editorial staff)) Published online: ((will be filled in by the editorial staff)) GdW 30 The dotted line is the full entropy content for an s = 7/2 spin system. 
